Abstract. Excessive mitochondrial free radical production and the related mitogen-activated protein kinase P38 (P38 MAPK) activation are key regulators in the pathogenesis of high glucose-induced cell stress. Increasing evidence has emphasized the impact of hyperglycemia on neurons and the consequent neuronal stresses eventually resulting in neurodegeneration and neuronal death. In this study, we employed a novel mitochondria-targeted antioxidant, SS31 peptide, on high glucose-insulted neuroblastoma cells (SH-SY5Y). Our results showed that high glucose promoted significantly increased P38 phosphorylation which was efficiently suppressed by the application of the SS31 peptide under the experimental conditions. The inhibition of high glucose-induced P38 activation by the SS31 peptide was associated with the impact of the SS31 peptide on attenuating high glucose-induced mitochondrial ROS (reactive oxygen species) elevation and mitochondrial membrane potential collapse. The addition of SS31 peptide significantly attenuated high-gluose-induced apoptosis. Therefore, our study suggests that elimination of high glucose-induced mitochondrial oxidative stress helps to rescue SH-SY5Y cells from high glucose-related P38 MAPK pathway disturbances, and the SS31 peptide has the potential to serve as a new treatment strategy against hyperglycemia-instigated neuronal perturbations.
Introduction
Dysregulated glucose metabolism underlies a variety of pathologies leading to impairments in multiple types of cells including neurons (1) . Recently, emerging evidence has accentuated the impact of high blood glucose on neuronal function in vitro and in vivo suggesting the correlation between glucose dysmetabolism and diverse types of brain diseases including stroke and neurodegenerative diseases (1, 2) . Mitochondria are the main glucose-consuming sites in neurons and produce ATP by glycolysis through oxidation phosphorylation. Previous studies have revealed that high blood glucose substantially encumbers mitochondrial function and results in mitochondria-dependent apoptosis suggesting mitochondrial pathology stands in the nexus of glucose dysmetabolism and cell injuries (3, 4) . Among the many glucose dysmetabolism-induced mitochondrial dysfunctions, increased mitochondria oxidative stress is a predominant mitochondrial pathology and occurs early in response to high-glucose insult (5) . Correspondingly, it has been widely reported that excessive reactive oxygen species (ROS) plays a key role in the pathogenesis of high glucoseassociated pathological conditions such as neurodegeneration and diabetes (5, 6) . Oxidative stress is a strong inducer of the mitogen-activated protein kinase P38 (P38 MAPK) activation (7) and the activation of P38 MAPK signaling pathway is another prominent change in high glucose-exposed cells. The excessive activation of P38 MAPK is a critical mechanism underlying high glucose-induced cellular injuries eventually leading to apoptosis (8, 9) . Thus, elimination of high glucoseinduced mitochondrial ROS may have the potential to attenuate P38 MAPK signaling disturbances.
The SS31 peptide (H-D-Arg-Dmt-Lys-Phe-NH2) is a novel cell permeable antioxidant specifically targeted to mitochondria and subsequently eliminates mitochondrial reactive oxygen species (ROS) and preserves ATP production against oxidizing insults (10, 11) . Yet, to the best of our knowledge, the effect of the SS31 peptide on P38 MAPK signaling perturbation in high glucose-insulted neurons has not yet been elucidated. In the present study, using a neuron-like cell line (human neuroblastoma SH-SY5Y) we demonstrated that the use of the SS31 peptide substantially suppressed high glucoseinstigated mitochondrial oxidative stress and P38 MAPK activation in neuroblastoma cells which serves as evidence of the potential application of mitochondria-targeted antioxidants in the treatment of glucose dysmetabolism-induced neuronal stresses. Western blotting. The proper amount of cell extracts was loaded and separated by SDS-PAGE and transferred to nitrocellulose membranes (Bio-Rad, USA). Immunoblotting was performed using antibodies against phospho P38 (pT180/ pY182, BD; 1:1,000), P38 (Cell Signaling, USA; 1:3,000) or β-actin (Sigma; 1:5,000) overnight at 4˚C. Immunoreactive bands were visualized using the ECL system (Fisher Scientific, USA).
Mitochondria
TUNEL assay. Cell apoptosis was measured by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) method using the TUNEL Assay kit (Roche, Germany) following the manufacturer's instructions.
Statistics and data analysis. Statistical analysis was performed by one-way ANOVA and post-hoc ANOVA analysis when appropriate using SPSS software. The values are shown as mean ± SEM. Significance was defined as P<0.05. Analysis of immunoblotting and cell staining was conducted using NIH ImageJ software (1.62).
Results

High glucose induces P38 MAPK activation in SH-SY5Y cells in a dose-dependent manner.
Cells were exposed to vehicle, 60, 90, 120 and 150 mM glucose for 90 min after starvation and then subjected to immunoblotting to detect the levels of phospho P38 and total P38 MAPK. β-actin was adopted as the loading control to verify that the same amount of proteins was loaded in each well. Our data showed that the P38 phosphorylation level was increased in a dose-dependent manner with increased glucose concentration. Glucose treatment (60 mM) induced a mild increase in P38 phosphorylation as compared with the vehicle group (Fig. 1A, P>0 .05); whereas glucose at concentrations of 90 mM or higher significantly instigated P38 phosphorylation in the treated cells (Fig. 1A, P<0 .05 vs. control group). In contrast, the level of total P38 was not changed in any group by comparison with β-actin suggesting that the increased P38 phosphorylation in the glucose treatedgroups was not due to an increased level of total P38.
SS31 peptide protects mitochondrial membrane potential against high-glucose insult.
Mitochondrial membrane potential is a critical indicator of mitochondrial function, and decreased mitochondrial membrane potential is closely associated with elevated mitochondrial ROS production. Previous studies have shown that the SS31 peptide confers substantial protection on mitochondrial membrane potential against multiple insults (3, 12, 13) . We next studied whether the SS31 peptide preserves mitochondrial membrane potential against high glucose in SH-SY5Y cells. FCCP, a strong mitochondrial uncoupler, was employed to treat cells at 5 mM as a positive control. High glucose substantially decreased mitochondrial membrane potential to 79.5% in comparison to the vehicle group (Fig. 2 , P<0.0001); whereas the adoption of the SS31 peptide demonstrated a dose-dependent rescue of the high glucose-induced mitochondrial membrane potential collapse. Of note, the SS31 peptide at the concentration of 100 nM exhibited significant restoration of high glucose-insulted mitochondrial membrane potential decrease almost to the same level as that in the vehicle group (Fig. 2, vs . high glucose-treated group; P<0.0001); while the SS31 peptide at 50 nM also showed partial recovery as compare to the high glucose-treated group (Fig. 2A, P<0 .05). FCCP-exposed cells demonstrated significantly lower mitochondrial membrane potential indicating the specificity of TMRM as a mitochondrial membrane potential indicator.
SS31 peptide suppresses high glucose-induced intracellular and intra-mitochondrial ROS production.
Mitochondrial membrane potential collapse is closely associated with mitochondrial ROS production. As the SS31 peptide at 100 nM significantly restored mitochondrial membrane potential in SH-SY5Y cells against high-glucose insult, we next observed the impact of the SS31 peptide at 100 nM on high glucoseinduced cellular and mitochondrial ROS production. We compared the intracellular and intra-mitochondria ROS levels between the vehicle-and glucose-treated groups. Intracellular ROS was detected using DCF-DA and intra-mitochondrial ROS was shown as the increased intensity of MitoSox Red, a specific mitochondrial ROS indicator. The data showed that cells exposed to 90 mM glucose for 90 min underwent significantly increased intra-mitochondrial and intracellular ROS levels by 40.5% ( Fig. 3A and C, P<0.0001) and 45.5% ( Fig. 3B and C, P=0.0047), respectively, as compared with the vehicle group. In sharp contrast, the addition of the SS31 peptide significantly suppressed the high glucose-induced increase in intracellular and intra-mitochondrial ROS levels. In the SS31 peptide-treated group, the intra-mitochondrial ROS level was reduced by 28.0% (Fig. 3A and C, P=0.0008) while intracellular ROS level was decreased by 26.6% ( Fig. 3B and C, P=0.0359) in comparison with the high glucose-treated group implicating the effect of SS31 peptide application on high glucose-instigated ROS generation.
Elevated mitochondrial ROS production instigates P38 MAPK activation in SH-SY5Y cells.
Oxidative stress is a known causative factor of P38 activation. Mitochondria are the major sites of ROS production. In order to examine whether P38 activation is related to mitochondrial ROS production in SH-SY5Y cells, we applied antimycin A to cultured cells. Antimycin A is the inhibitor of mitochondrial complex III and is a strong inducer of mitochondrial ROS production. Cells were exposed to antimycin A at 50 µM for 2 h and subjected to immunoblotting to detect the P38 phosphorylation level. The ratio of phospho P38 to total P38 was employed as the manifestation of P38 activation. Our data showed that antimycin A induced a 63% increase in P38 activation level in comparison to the control (Fig. 4, P<0 .05). The result indicates that mitochondrial ROS production/release is associated with P38 activation in SH-SY5Y cells.
SS31 peptide inhibits high glucose-induced P38 phosphorylation in SH-SY5Y cells in a dose-dependent manner.
Finally, we determined whether suppressed mitochondrial ROS subsequently inhibits high glucose-instigated P38 activation. We employed the SS31 peptide at 0, 10, 50 100 and 200 nM, respectively. Cells were exposed to the SS31 peptide at indicated concentrations for 30 min followed by incubation with glucose at 90 mM for 90 min. The coincubation of the SS31 peptide with high glucose markedly attenuated high glucoseinduced P38 activation in a dose-dependent manner. As shown in Fig. 5 , high-glucose treatment increased the P38 phosphorylation level to 2.33±0.14-fold as compared with the vehicle group (Fig. 5A, P<0.05) . In sharp contrast, the application of the SS31 peptide at 100 and 200 nM substantially decreased P38 phosphorylation to a similar level in comparison with that in the vehicle control (P>0.05 vs. vehicle group), which was significantly lower than that in the high glucose-treated group (Fig. 5A, P<0.05) . Although the SS31 peptide at 10 nM exhibited limited inhibition on high glucose-induced P38 activation, the SS31 peptide at 50 nM demonstrated partial protection on high glucose-induced P38 activation (Fig. 5A, P<0.05) . The dose-dependent inhibition of the SS31 peptide on glucoseinduced P38 activation was in correlation with the impact of the SS31 peptide on high glucose-instigated mitochondrial membrane potential and ROS production perturbations. The addition of P38 inhibitor SB203580 (200 nM) significantly suppressed high glucose-induced P38 activation (Fig. 5A,  P<0 .05 vs. high glucose-treated group). Thus, our data indicate a protective effect of the SS31 peptide on P38 activation in SH-SY5Y cells against high-glucose exposure.
SS31 peptide attenuates high glucose-induced SH-SY5Y cell apoptosis. P38 activation has been implicated to be involved in apoptosis in response to cell injuries. We then assessed the protection of the SS31 peptide on apoptosis in the face of high-glucose insult. SH-SY5Y cells were exposed to 90 mM glucose in the presence or absence of 100 nM SS31 peptide for 24 h and then subjected to TUNEL assay. Our data showed that high glucose-induced a 2.6-fold increase in the percentage of apoptotic cells while the application of the SS31 peptide significantly ameliorated the high glucose-induced apoptosis (Fig. 6, P<0 .05 vs. other groups). The SS31 peptide alone did not have a significant effect on cell apoptosis.
Discussion
Hyperglycemia is a potential culprit underlying peripheral neuron changes in diabetes and neurodegeneration in the central nervous system (CNS) (6, 14) . The P38 MAPK signaling pathway plays a key role in controlling cell proliferation while excessive P38 activation leads to mitochondria-dependent apoptosis. It should be noted that P38 MAPK signaling activation is a predominant cell change in response to high-glucose insult and is significantly involved in high glucose-related cell injuries including decreased mitochondrial function and mitochondria-dependent apoptosis in the pathogenesis of hyperglycemia-associated diseases (9, 15) . Previous studies have shown that mitochondrial ROS is an initiator of P38 activation in cardiomyocytes and neurons under hypoxia and hyperglycemic conditions (16, 17) . The elimination of excessive cellular ROS has the potential to protect against high glucose-induced P38 activation. Indeed, various ROS scavengers such as VitE, SOD and lipid acid have been applied to treat hyperglycemiaassociated cell stresses. However, the applications of these antioxidants are limited by multiple drawbacks such as high drug dose and various side effects (18) (19) (20) . The SS31 peptide is a novel antioxidant specifically targeted to mitochondria and efficiently quenches mitochondrial ROS in many pathological conditions. Importantly, its relatively small-molecular weight and lipid solubility enable the peptide to rapidly penetrate cells (21) . Our result showed that the addition of the SS31 peptide significantly reversed the high glucose-induced mitochondrial ROS elevation and mitochondrial membrane potential collapse. These findings are in agreement with many previous studies on the pharmaceutical effects of the SS31 peptide (10, 13) . Furthermore, by eliminating mitochondrial ROS and protecting mitochondrial membrane potential, P38 activation as well as apoptosis in high glucose-treated SH-SY5Y cells was substantially suppressed by the application of the SS31 peptide. The SS31 peptide protects cells from high-glucose insult. Notably, we adopted a neuron-like cell line, SH-SY5Y which demonstrates neuron biological features. To the best of our knowledge, to date, reports are limited on the effect of SS31 peptide against high glucose-induced mitochondrial ROS as well as neuronal dysfunctions. These results serve as important evidence for the application of this peptide in preventing neuronal stresses and injury related to hyperglycemia.
Collectively, we demonstrated that the nascent mitochondria-targeted antioxidant, SS31 peptide, substantially rescues high glucose-associated mitochondrial dysfunction and P38 activation in SH-SY5Y cells. This provides evidence that the SS31 peptide is a promising treatment strategy for rescuing neuronal function from hyperglycemia. Moreover, the small size of the SS31 peptide and its lipid solubility substantially enable the use of the SS31 peptide in treating hyperglycemiainstigated neuronal stresses in the CNS.
